Abstract: This study concerns the removal of the 137 Cs + and 60 Co 2+ β + γ− radioactive ions in Azolla caroliniana Willd. water fern. The living fern and two different types of biosorbent prepared from Azolla caroliniana were tested to remove the above-mentioned radioactive ions from dilute solutions, in the absence and in the presence of the ionic competition. Effective 137 Cs + and 60 Co 2+ ions removal from low radioactive wastewaters was demonstrated. The time-dependent K d (t) values were calculated from the absorption data. These results indicate that removal process achieved equilibrium in about 120 min and that it involves two steps: rapid and slow absorption; the active process (metabolic bioaccumulation on the living fern) was responsible for above one half of the total removal process. A thin layer radiochromatography study leads to the conclusion that the biochemical components in which 137 Cs + and 60 Co 2+ place themselves are of a polysaccharide and lipoid fractions.
Introduction
Radionuclides release may impact the local and global environment. The degree of impact (or radiobiological hazard) can be related to the bioavailability and mobility of the radionuclides [1] . The environmental radioactivity studies have proved useful for establishing the radioactive isotope capacity to being fixed by various environmental components as soils, sediments, water and biota. 60 Co, an artificial isotope, is an important gamma ray source, and is extensively used as a tracer and a radiotherapeutic agent; it is a corrosion product in nuclear power plant also. Similarly, 137 Cs + has an anthropogenic origin and it is the main product in the nuclear fission. After the Chernobyl accident a great amount of radioactive substances was emitted in the European's water and in atmosphere, mainly by the artificial radionuclides 137 Cs + : the total surface in Europe affected by 137 Cs + and 134 Cs + was estimated at two percent of the continental area [2] .
Decontamination of polluted waters with floating vascular plants was established following the pioneering work of Wolverton [3] . He proposes two main ways in which the plants may be used for remediation: first free floating and second growing rooted emergent in trickling bed filters. Important advantages of the former strategy are the simplicity and economy with which complete the harvest of the biomass can be achieved. This method was successfully used in our laboratory to bioaccumulate some radioactive ions (UO [4] [5] [6] . During the last fifty years, some other researchers used for 137 Cs + and 60 Co 2+ uptake not only vascular plants but micro-organisms, algae, mosses and even fungus [7] [8] [9] [10] [11] [12] .
The main objectives of this work were: to investigate the optimal conditions in the 137 Cs + / 60 Co 2+ − Azolla caroliniana systems, the interference of alkaline and alkaline earth ions in the removal process, as well as to determinate the biomolecules that plays a significant role in radioactive ions retention. To determine the effect of ionic competition, the same samples were prepared using mineral waters (S 1 -S 3 ), having an appropriate pH and the composition presented in Table 1 .
Materials and methods
The fern was pre-cultivated in a "Mytron" thermostatic bath at 23±1 o C, under continuous illumination (3.6·10 −3 J·cm −2 ·s −1 ) in a hydrophonic medium according to
Hoagland [14] , modified as indicated in Table 2 . Separating biological mass from the culture medium through filtration, and washing it with distilled water allowed to eliminate excessive salts obtained dry biomass. The fern was then dried at 40 o C for 24 hours. The "H" form of the biosorbent (protonated non-living fern) was obtained by treating the dry biomass with an excess of nitric acid 0.1 N [15] . Consequently, it is supposed that all the active groups on the surface of the biosorbent become available for ionic exchange.
In order to perform the quantitative determinations, parallel samples were made, each of them containing 10 mL radioactive solution [10 −3 M 137 CsNO 3 or 10 −3 M 60 Co(NO 3 ) 2 ] and 0.1 g living fern, dry biomass and protonated dry biomass, respectively. These samples were maintained in the conditions as described above. The value of the pH of these samples (measured by a "Radelkis" model OP-208/1 pH−meter fitted with a calomel electrode) was 6.5; it was maintained constant as along the experiment by adding small volumes of 5 N ammonia solution. Aliquots of 1 cm −3 clear solution were taken out after different time intervals: 5, 15, 30, 60, 120, 240, 720 and 1440 min. These solutions were separately introduced into porcelain crucibles, evaporated dry and subjected to radioactivity measurement by means of a multichannel "Canberra Omega−1" analyzer with NaI(Tl) scintillation crystal. The radioactivity of 1 cm −3 10 −3 M 137 CsNO 3 / 60 Co(NO 3 ) 2 initial solutions represented the standards. The statistical error was reduced by taking two concurrent measurements at each point and calculates the average value. The relative standard deviation was ± 5 %.
The absorption capacities were expressed in terms of distribution coefficient (K d ), defined as the ratio between the activity of absorbed species (directly proportional with concentration of the radioactive cations) per gram of dry absorbent (as living fern, dry biomass and dry biomass in "H" form) and the activity of the same species per cm 3 in the liquid phase, at equilibrium:
where "A i " and "A t " are the initial and the final solution radioactivity, respectively, "V " represents the volume (cm −3 ) of the solution and "M " is the initial dry weight of the absorbent material (g). For the ion uptake degree at equilibrium, a description in µmol ion retained per gram (µmol·g −1 ) of dry sorbent was used also.
To know what kinds of the cell components of Azolla caroliniana are concerned with radioactive ions binding, uptake of 137 Cs + and 60 Co 2+ was examined. The placement of the radioactive cations onto the biochemical components of the living fern was studied by a new method of thin layer radiochromatography, as shown elsewhere [16] .
Results and discussions
Azolla caroliniana fern was chosen as bioaccumulator, since it has a high productivity (around 100 % every 7 days), it develops quickly under natural conditions on any water surface and has a high density of active functional groups on the surface, as described by Little in 1979 [13] .
Azolla caroliniana Willd. (Pteridophyta) was collected from the Danube River, Portile de Fier area. This is a free-floating aquatic heterosporic fern, which contains an endosymbiotic community (cyanobacteria and bacteria) living in the dorsal lobe cavity of the leaves. This genus is known to have agronomic capability as biofertilizer by its association with Anabaena azollae, a N 2 fixing cyanobacterium, but it can also be considered as a weed.
The absorption of radioactive cations on Azolla caroliniana as living fern, dry biomass and dry biomass in "H" form in the absence of ionic competition (Table 3) was studied versus contact time for a batch factor (V /M ) of 100 cm 3 ·g −1 .
This study indicated that removal of 137 Cs + / 60 Co 2+ on Azolla caroliniana do not achieve equilibrium in less than 120 min. The removal of 137 Cs + and 60 Co 2+ on living fern is a complex phenomenon; diffusion in the unstirred layer, diffusion and absorption in the cell wall, and transport regulate the bioaccumulation process across the cell membrane. Contrarily, the absorption on dry biomass and dry biomass in "H" form does not consume cellular energy. Positively charged metal ions are sequestered, by absorption of metals to the negative ionic groups on cell surface [17, 18] . Consequently, the absorption process taken place very fast during the initial stage of the contact, and then a plateau was installed.
It can be noticed that the active process (metabolic bioaccumulation on the living fern) was responsible for above one half of the total absorption process. Both radioactive ions were less retained on the dry biomass, but much better on the protonated biomass, in the absence of ionic competition.
The maximums of biosorption capacity to equilibrium (after 1440 min of contact time), stated in µmol·g −1 , both in the absence, as well as in the presence of ionic competition, are summarized in Table 4 . The experiments conducted in the presence of ionic competition intimated to the same conclusion: 137 Cs + and 60 Co 2+ removal decreases with increasing of alkaline and alkaline earth ions concentration. Chloride, sulphate and nitrate salts shown the same effect in the removal of 137 Cs + and 60 Co 2+ . Contrarily, the maximum amount of radioactive ions removed by the dry biomass on both used forms, does not dramatically change with increasing total salt concentration in wastewater.
The radiation effects of the used nuclides on Azolla caroliniana living fern are presented in Fig. 1 . The total dose rates on the living tissue (due to the γ−rays, β particles and conversion electrons, calculated on the basis of the Nuclid.net program [19] The results of the thin layer radiochromatohraphy are presented in Fig. 2 . It can be observed that the biomolecules that play a significant role in radioactive ions retention were the polysaccharide and the lipoid fractions. The unusually high removal activity of lipids was probably due to the partial hydrolysis into the fatty acids and triglycerides, with a greater chelating action of the cations.
Only 13 % of 137 Cs + and 18 % of 60 Co 2+ was retained in other biochemical components, that couldn't be separated by thin layer radiochromatography.
Conclusions
This study suggests that Azolla caroliniana Willd. water fern can potentially remove the man-made radioisotopes 137 Cs + and 60 Co 2+ efficiently from dilute wastewaters through bioaccumulation and/or absorption on the "H" form of the biomass obtained from the above-mentioned fern. Under the selected working conditions, the equilibrium was attained after about 2 h contact time and the maximum values of K d were 1900 for 60 Co 2+ and 99900 for 137 Cs + , respectively (means practically total uptake); these values were obtained using the protonated biomass.
The capacity of radioactive ions accumulation was affected by the presence of radioactive competitive cations.
The Table 4 The maximum amount of radioactive ions sorbed in the absence and in the presence of ionic competition, at equilibrium (1440 min of contact time).
(a)
(c) Fig. 1 The Azolla caroliniana Willd. water fern non-irradiated (a) and after 24 hours internal irradiation with 60 Co 2+ (b) and 137 Cs + (c). 
